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SUMMARY 

In an investigation of the  properties of molybdenum  disilicide, a 
fine-grain  material having a moderately high oxygen content has been 
produced  by  cold-pressing  and  sintering, and a large-grain  material 
having a lower oxygen content and a density of 99 percent of the  theo- 
retical  density has been  produced by hot-pressing. 

In e, series of experiments with the fine-grain material in which 
the  only  variable was the  amouzlt of carbon added, marked Fncreases in 
modulus-of-rupture  strength  were  found  at  carbon  contents  between 0.15 
and 0.3 percent.  Improvements in the long-time  deformation  properties, 
as shown by  the  flexure-creep  test,  and  decreased  high-tenperatwe 
plasticity  accompanied  the  carbon  additdons.  The Knoop hardness was 
1160. 

The  beneficial effects.of carbon  additions on strength  are  attri- 
buted to partial deoxihtion of the material,  particularly  the  reduction 
of  molybdenum  oxides,  and  the  formation  of  silicon  carbide  and  other 
-bides. 

Exceptionally high short- time  strengths, in ccmparison  with  other 
high-temperature  materials,  were obtained with sintered  molybdenum 
disilfcide  containing  froml.O to 1.4 percent oxygen. The  effects of 
such oxygen  contents on sintering  and  binding  may  be  beneficial. 

The  l&ge-grain,  hot-pressed  molybdenum  disilicide having a law 
oqgen content  possessed  superior  high-terugerature  deformation  resist- 
ance,  slightly  inferior  short-time  strength, and decreased high- 
temperature  plasticity  aB  compared with the  ffne-grain molybdenum disill- 
cide  to  wfilch  carbon was added. 

Molybdenum  disilicide 
valuable  properties, among 

INTRODUCTION 

(MoSi2) has been  found to possess  several 
them  outstanding  oxidation  resistance  and 
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high-temperature  strength  (references 1 and 2). Such a material  might 
be of great  value for use  in  gas-turbine  engines and for other  applica- 
tions; a program  was  therefore  initiated at the XACA Lewis laboratory 
t0 study factors  affecting  the  fabrication and the  preparation of MoSiz 
in relation  to  its  strength  at high temgeratures. 

The  properties of extremely  fine-particle-size  vacuum-sintered 
specimens of MoSi2  are  compared  herein with the  properties  of 
specimens  investigated  in  reference 1. As carbon was found  to  have a 
strengthening  effect  on  MoSi2, %ts effect  as a deoxidizing  agent was 
investigated.  Because  the  effect of oxygen on the  strength of molybdenum 
disilicide  is of interest, a modified  hot-pressing  method of preparing 
specimens  having a comparatively low oxygen  content was utilized 
although  the  method  introduced changes in  particle  size and In  other 
variables. In order to  assure  complete  control of fabrication, a l l  
specimens  were  prepared  at  the L e u i s  laboratory. 
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Preparation of Specimens 

Preparation of powders. - Two types of powder  were  used.  Fine- 
particle-size  powder for the carbon-addition.e~eriments was  prepared 
and ground as  described in .the  appendix.  For the preparation opthe 
coarse-grain  hot-pressed  specimens, a cammercially  available high- 
purity  -100-mesh-pariier MoSiz msnufactured.by  the  Electro  Metallurgi- 
cal  Division of the  Union Carbide and Carbon Company and s l m l l a r  to that 
described in reference 2 was used. 

Fine-particle  powder  (lot-15) for sintering and  carbon-adation 
experiments was ground 96 hours in water.  The following size  deterni- 
nation was made by  microscqpic  methods: 

Particle  size  Percen-f  particles 
( m i C r O n S )  I 
6 or less 100 
1 or less 98 I 
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The following size  determination of commercial  MoSi2 was made by - sieve  analysis : 

Percent of particles 
trace 

-100, +200 
-200,  +325 
-325 

The  commercial  MoSi2 for hot-pressing was ground 16 hours in 
cyclohexase  and  the following size  determination was made  by  microscapic 
methods: 

Particle  size 
( m i c r O I l S )  

Percent of particles 

Greater  than 15 
Less than 15, greater  than ll. 
Less than 11, greater  than 7 
Less  than 7, greater  than 3 
Less than 3, greater  than I 
Less than 1 

1 
1 
3 
u 
33 
51 

Additions  to  powders. - Carbon was added  to the powder in the form 
L. of  powdered  graphite.  The  constituents  were  blended by hand  and  then 

passed  twice  tbrough a set of three 1OO-mesh sieves. Boron was added 
as  molybdenum  boride containing 10.03 percent  boron. 

Pressiq. - Rectangular  bars 0.2 by 0.4 by  2.5 inches were  formed 
by pressing in a chromium-plated  steel  die,  which was assmibled in such 
a way  as to be  held  together durlng pressing  by  the force of a r m  
acting  at  right m e s  to  the pressing force  (fig. 1). The die was 
assembled on the platen of a tensile  machine and the pressing  pressure 
w&s indicated on the dia l .  With  the  ram  pressure  released,  the  dfe 
could  easily  be  disassembled and the  compact  readily removed. 

The rectangulax bar6 were  repressed  at a pressure of  40,000 pounds 
per square inch by the  hydropress  method by encloeing them in thh- 
walled  rubber  tubes  that  were  then  submerged in oil in a pressure  vessel. 

Sintering. - The  sintering  operation was carried  out in a bell- jar- 
type  vacuum  induction  furnace. me rectangular  bars  were  contained in 
an alWum crucible wound tightly  With  tungsten  wlre and enclosed  within 
a larger  crucible.  The  tungsten w e ,  which  was  heated  by  Isduction, 
served as a highly  efficient  heater block and also to some extent as a 
radiation  shield.  PCecmperature  control was ~pagual. with temperature  being - 
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determined with an optical pyrometer sighted on the specimen through  a 
hole in the  crucible cover. The indicated  temperatures were held t o  
within &ZOO F. 

I n  the sintering  cycle, all of the specimens except the two noted 
in table I were - .  . .- .- - 

(1) Held i n  ugh vacuum i n  the cold  furnace  overnight; t ~ s  was E 
matter of convenience although some cold out--gaas3ag I s  probably 
Fbdvi sable. 

m 

8 
(2) Heated t o  a visible r e d d e m  of the spechen in 1 hour 

(3) Heated t o  2O0O0 F i n  1 hour 

(4) Held in the range 2000° to 210O0 F for 1 hour 

(5 1 3eat t o  2500° F in 1 how 

(6) Held a t  2550 &Oo F for  2 hours . 

(7 1 Cooled in furnace with power off : 

Heat- cycles were reproduced with no apparent  variations from 
batch t o  batch. Chamber pressures were always less.than 10 microns, 
holding a t  7 micrans f o r  most of the  cycle. - c 

" 

Hot-pressin& - Molybdenum disil icide having a low owgen  content 
was prepwed by hobpressing  relatively coaxee cammerchl powder 
(-100 .mesh) cmtairdng added carbon. Pressing was done i n  graphite 
dies a t  a pressure of 2400 pounds per square inch; temperatures and 
time periods are shown in table 11. The lnad was applied to the plunger 
through a 3:l ratio  lever system actuated by a hydraulic ram. Changes 
in  volume of the compact  were indicated on a scale by a pointer con- 
nected t o  the same lever system but reading at  E 24:l ratio. AB the 
scale was easily read t o  0.05 inch, plunger movements of 0.002 inch 
could be determined. 

With the use of a circular plunger, f l a t  disks 2 hches   i n  diameter 
were produced. Cutting  the dieks with a diamond cut-off wheel produced 
two rectangular bars Ebnd two D-shaped  end pieces  per  pressing. 

Evaluations 

Strength evaluation. - O f  the severa l  possible methods of evaluat- 
i n g  high-temgerature strength, the modulus-of-rupture test- was selected 
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for  the  short-time  strength and a modification,  the  flexure-creep  or 
long-time  modulus-of-rtzpture  test,  was  used  for  comparison  of  the long- 
time  def omtion properties. 

. 

Both  short- and long-time  modulus-of-rrq?ture  tests  were  carried 
out in the  appasatus  described  in  reference 1. The Etrrangement  con- 
sisted  of a specimen  set on two supporting  lmife  edges with a central 
opposing knife edge loaded through a lever  system  by a controlled flow 
of water  into a receiver. A scale mounted b e d  the  lever  system  per- 
mltted  measurement  of  specimen  deflection to 0.01 inch. 

N 
CN m co 

For  short-tfme t e s t s  the water flow was controlled through a 
rotameter  to  give a rate of loading of 2000 pounds per  square inch per 
minute. This rate of loading is that selected a s  standard  in 
reference 3. 

For  the  long-time  modulus-of-rupture t e s t s  the  specimenG  were 
loaded t o  the  desired  stress  a%  the sane rate and the load was main- 
tained for  the  desired  time.  Specimens  were  set on a 2.0-inch  knife- 
edge  span  for  cold-pressed azld sintered bodies and on a. 1.5-inch span 
for  hot-pressed  bodies. 

P Chemical  analysis. - Determination of molybdenum,  sFlicon, and 
carbon  were  made  by  conventional means. The  exact  determfsation of 
molybdenum  appears  particularly  difficult; this is born  out  by  the 
compilation of Hillebrand and Lundell  (reference 4). In order to 
o b t a h  information  concerning  the  precision of the  molybdenum  determi- 
nations on molybdenum  &silicide,  samples of powder  were "sen from a 
lot in such a manner as to  assure  uniformity;  without  identification, 
these  s-les  were  submitted to three  analysts; one analyst  received 
two samples  at  different  times.  Results  were: 

. 

Analyst Molybdenum  reported 
(percent) 

A 

c (second sample) 
62.54 c 
63.46 B 
61.5 

63.18 

If the  results of analyst A, are disregarded, a spread of approld- 
mately 1. percent  appears  to  be the beet  precision to be wected. The 
results  are  listed  to two d e c M  places  as  reported by the analysts, 
but in the  light of these  analyses  even  the  first  place  is  not  signifi- 
cant;  therefore, limited emphasis has been  placed on the  analysis of 
t h e  major  constituents. 

* 
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Oxygen determinations  were  made  by  the  vacuum-fusion  method  at 
Batkelle  Memorial  Institute. !I!he precision of analysis was stated  by 
the  analyst  to  be +lo percent  of  the  values as given in tables I and In. 
Nitrogen was determSned  simultaneously with oxygen in a few samples. 
The reported  value  indicates  the  order of ma@-tude of the  nitrogen  con- 
'Cent;  as it was not  intended  to  investigate  the  effect  of  nitrogen on 
the  properties of molybdenum  disilicide in t h i s  study,  this a s  con- 
sidered  sufficient. 

Silicon  carbide wae identified in mlybdenum  disilicide  containing 
carbon  as follows: 3..78 percent  carbon was added  to  the  powder and 
bars were  pressed and sintered in the u s u a l  way. A sample was then 
dissolved in mixed hydrofluoric and nitric  acids  to  leave  the  so-called 
free  carbon  fraction as an  insoluble  residue. This residue  was  then 
ignLted  without  addition agents in an alundum boat in the  conventFonal 
carbon  apparatus.  The  material was then  pulverized  and  powder  X-ray 
patterns  were  taken.  These  patterns  were found to  coincide  with  those 
from a samgle of silicon  cabide. 

Density  determination. - Densities  were  determined  by  the water 
immersion methd; the  bars  were  supported Wing weighing on a fine 
wire.  The  weight  of'  the  wire wa6 kept  below 0.01 gram and as samples 
weighed  approximately 20 grams, no corrections for the  wire  weight 
were  necessary to obtain an accuracy of+0.01. For pressed c o n ~ s c t s  
and porous bars, the  density was estimated from volumes calcuLated from 
micrometer mea6urements and  weights. 

Determination of particle  size. - Microscopic methods were  used 
fo r  particle-size  analysis. The powder  sample was dispersed in acetone 
on a glass  slide  and  the  particles  were  measured  uith a filar  eyepiece 
or, for  the  larger  particle  powders,  photographed and measured on photo- 
graphs. Measurement  of  p&icles  smaller  thin 1 micron was not con- 
sidered  feasible . . .  

. .. 

MetallograpQ. - Microscopic  exemination has, in general,  been 
limited to inspection  for  size and Ustribution of voids and. grain size. 
Early in the  investigation  it was discwered  that  becau8e of the  optical 
anisotropy  of  MoSi2,  polarized  U@t  brought  aut  the g r d n  structure 
of the material in a manner  C0n6id@red  superior to and more  convenient 
than  etching  (figs. 2 and 3). AII etching  solution of 10 grams of 
sodium  hydroxide and 10 grams of  potassium  ferricyaside in 100 milli- 
liters of water,  however, m s  occasionally  used. The solution was used 
at  the  boiling  point  for  periods  as long as 5 minutes. A sample so 
prepared  is sham in figure  ~(c). 
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. X-ray diffraction measurements. - Standard  procedures m e  used fo r  
obtaining powder patterns.  Back-reflection  patterns were taken Prom the 
surfaces of metallographic specilllens at a specimen-to-film distance of 
3 centimeters. 

Hardness. - Khoop hardness of samples was determirted us- a Tukon 
tester with a Khoop indenter and a 1-kilogram load. Length of indenta- 
tion xas measured with a filar eyepiece at  500 mgnificetion. 

Fine-Particle Sintered Material 

h.eSsing ch=acteristics. - Representatfve density re la t ions  for 
the mater~l at VEtrious stages of fabr ica t im me: 

g b  
Powder, buLb: density . . . . . . . . . . . . . . . . . . . . . .  2 .o 
F’ressed a t  10,000 lb/s in. . . . . . . . . . . . . . . . . . .  3.2 
Repressed a t  40,000 Ibysq in. . . . . . . . . . . . . . . . . .  3.7 
Sintered  after pressing a t  ~0,000 lb/sq ~n. . . . . . . . . . .  6 .O 
Sintered  after  pressing at ~0,000 lb/sq in. 

and repressed at  40,000 lb/sq  in. . . . . . . . . . . . . . .  6 .O 
. 
. 

Bass of sintered MoSiz pressed a t  10,000 pounds per square inch 
were comparatively  strong and maintained 6- edges if handled with 
reasonable caze. Bars repressed at  40,000 pounds per sq- inch, in  
addition t o  having  higher  density, were noticeably  stronger in the 
m e n  state, although the final sintered density was the same. mereas 
the double pressing  technique was used throughout the work because it 
produced compacts more easily handled in wei- and other operations, 
it appears  probable that low-pressure c w a c t i n g  in  steel dLes is 
sufficient. 

0yya;en content and densities of fine-grain bodies. - Chemical 
analyses of various forms of molybdenum diail icide are given i n  
table III. The original powder (lot 15) contained 1.5 percent oxygen, 
which was reduced t o  as l i t t l e  as 0.15 percent by the addition of suf- 
ficient carbon. Density  variations ~tccomganying these carbon additions 
are sham in table I. It was apparent that although the osqrgen content 
could be reduced, the necessity  for p r e p m a  a sound  body required 
that the asrount of carbon w M c h  could be used without  producing unde- 
sirable  porosity be limited t o  1 percent o r  less. I 

- As the high-strength,  cold-pressed and sintered bars contained 
from 1.0 t o  1.4 percent  owgen and were therefore far from being  pure 
MoSi2, the  density of these bars cannot very w e l l  be ccnqpared with the 

density of pure MoSi2. Without f’dl knowledge of the form in which 
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oxygen i s  present, the density of the mixture cannot be  calculated. It 
was considered of interest, however, t o  approximate the  density of 
kSi2   conta inbg  I percent oxygen.  The m ~ w ~ ~ t i o n s  were made that all 
the oxygen occurred as Si02, tbt the   s i l i ca  was i n  the form of 
a-cristobalite  (the oxide found i n  the  surface film (reference 5)), 
and that it asd the -Siz would be present as a mechanical mixture. 
Then, for LOO grams of a 1 percent oxygen mixture, 1 gram of oxygen 
i s  equivalent t o  1.88 grams of SiOz aad 98.12 grams of WSi2 remain. 0, 

The v o l ~  of the s i l i ca  i s  2.32 = 0.81 mil l i l i ter ,  and the MoSiz 

- = 15.72 milliliters. The t o t a l  volume weighing 100 grams is 98.12 
6.24 

16.53 milliliters and has a density of 6.05 r a m s  per mi3LLUter o r  
96.9 percent of the theoretical  density of pure MoSi2 (6.24 g r a m  

per  milliliter,  reference 1) .. This value  indicates that a marked 
change i n  density could. occur i n  MoSi2 containing oxygen. It i s  also 
probable that the sin+red bars l i s ted  in table I are closer t o  their 
highest  possible  density than is ind ica td  "b'y- iiC%.i@&iso,ii-with pure 

LD 
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Mosiz. 

Effects of carbon on short-time  strength. - The modulus-of-rupture 
stre%th of materlal produced by the various, methods described  herein 
and that of the material described in  reference 1 are compared a t  vari-f 
ous temperatures i n  figure 4. The s t re  ngth of some materials i s  not - - i- 

given f o r  temperatures  greater than 2000 F, as it was found that-=% 
220O0 F these bars deformed plast ical ly   to  such an extent that the t e s t  
h&d no meaning. Values a t  temperatures above 200O0 F are given for  
materials which suffered o-nly slight de fo id t ion   a t  these temperatures; 
200O0 F was chosen as the  general camparison teaperatme. Modulus-of- 
rupture  values,  densities. of sintered bms, percentage of carbon added, 
and perceqtage of c.arbon found i n  the sintered  bars are given i n  
tahle I. As cazbon additions had an effect.on  both  density and 
strength, modulus-of-rupture values are given fo r  bars of material from 
l o t  15 in  which the only variable was the density. 

# 

Marked hprwements i n  modulus-of-rupture strength are apparenein 
figure 4 for all materials prepared since  the prdAminary investigation 
reported i n  reference 1. The strength of slntered material without 
carbon addition i s  noticeably  greater  than that of the material  dis- 
cussed i n  reference 1, which had a lower oxygen content and lower den- 
si ty.  This improvement may be attr ibuted  to higher  density and general 
imprwement-sin  technique. The addition of carbon t o  the  sintered 
material also  resulted in a marked i?qmovement in short-time strength. 
Optimum strengths are attained when sufficient carbon i s  added t o  
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leave  ap  roximately 0.15 t a  0.3 percent carbon in the  sintered b m  
(table If. As mentioned  before,  the  amount of carbon that may be added 
is Waited by  the  increase in porosity that results. A comparison of 
material  containing 0.29 percent  carbon with material to which no car- 
bon had been  added  is sham on  two  curves of figure 4. 

z 

zp" cn 
(0 

As these  carbon  additions had mich a marked effect on cold-pressed 
and sintered  material, it was considered of interest  to  determine the 
W b o n  and oxygen contents of the high ultimate%eh6ile-strehgth, hdt- 
pressed  material  reported in reference 2. The  analyses  were: 

Ultimate 

by  strength 
(percent tensile 
Carbon 

(lb/sq  in. weight) 

220O0 F 0.36 

2200° F .22 

2000° F .20 

42,600 at 

37,000 at 

42,000 at 

1.4 

2.2 

2.2 

Ritrogen 
(percent 

by 
weight 1 

. .. 

0.41 

.12 

It is evident  that  the  high-strength forms of MoSi2  contain car- 
bon within  or  slightly  beyond  the qpt-lrmrm range found for the sintered 

present  in+stigation,  did  not  detract from the  outstasding  strength. 
. 8pecimens,  that  the oxygen content,  which is  e+en higher  than Fn *he 

A comparison of the  plastic  behavior of lot-15 bars  with and with- 
out  carbon  additions  is  given on figure 5 in wbich modulus-of-rupture 
stress  is  plotted  against  elongation. 

In addition  to  the  deoxidieing"effect of carban,  which will be dis- 
cussed  later,  there  are two other mechanime by which carbon might 
affect the strength of &Si2: the  formation of a new phase such as 
silicon  carbide  and the formation of an interstitial solid solution. 

The  method  of  identification  previously  described  demonstrEbted  that 
siUcon carbide is formed in  molybaenum  dfsilicide containing carbon. 
This  carbide  might  reasonably  be  expected to have a strengthening  and 
possibly a hardening  effect on M0Si2. 

X-ray  techniques,  both  powder and back-reflection,  showed no shift.. 
c i n g  of the Uses in samples containing m i o u s  amounts of cazbon. In 

view of thiqlack of evidence f o r  the formation of an interstitial 
solid  solution,  it  appears  possible  that  at  least a Large  percentage of 
the  residual cabon in sintered MoSiz is in the form of  silicon car- 
bide.  The  formation of carbides with mlybdenum might also occur, 
especially with free molybdenim. 
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Effect of boron addition. - The  addition,  of  boron  to  MoSi2 was 
of much  less  interest than the  addition  of  carbon. &e boron and' 
borides  are obtain& with  difficulty and the  element  is far more expen- 
sive in all forme than caxbon. -However,  the  results of a few experi- 
ments  indicate  that  the  addition of 0.12  percent boron as molybdenum 
boride  increased  the  modulus-of-rupture  strength  of  sintered bars at 
200O0 F fran 51,000 to 88,000 powlds  per square inch. 

Coarse-Grain,  Hot-Pressed  Material 
, In reference 5, it is shown that  MoSi2  powder  oxidizes  readily 

in air; this  is  probably  a-surface  effect,  reducing  .the  particle  surface 
area  by  increasing  the  particle  size  should  reduce  the final oxygen con- 
tent.  Hot-pressing  appeared  to -be the  most  .convenient-  method  of  fabri- 
cating  high-density  specimens from coarse  powders. In conpking the 
Bpecimens  of high oxygen  content  wtth  hot-wessed  -material,  it must be- 
noted  that not on ly  is  the m u n t  of oxyg&n-.reduced  but d s . ~  t-%, of 
necessity, a marked difference in particle  size  acconqanfes  the changg. 

Forming characteristics. - Fabrication  variables  were  investigated 
only enough -to -enable the  productian of high-density  material.  Effects 
of  the major variables  are  summarized in table IT, which shows that 
16 hours of  gcindjngwas  sufficient  to  produce a high daeity (99 per- 
cent of the  theoretical)  body and that a pressing kqerature of 31000 F 
was satisfactory..  Whereas  the  densities  obtained  at 320O0 F are  the 
same as  for 310O0 F, the  strength is less. This phenomenon  may  be 
attributed  to  deccmposition  at  the  higher  temperature.  Samples d e  at 
3100' F were  therefore used for flexure-creep and other  tests.  The hot- 
pressing  load  was  maintained  for a 1/2-h0ur  period  at  temperature in the 
hope  that  the  time was long enough  for  eome~deoxidation  to  take  place 
and yet  ahort enough.to avoid  the  effects of deco&ositlon  reactione. 
Motion of the plunger as. shown by  the  lever  system  indicated  that 
shrinkage  of  the  compact was taking  place ug to the final 5 OT 10 min- 
utee  of  the  time sf temgera$ure. 

. .  

The results o f  chemical analyses of hot-pressed-  bcdies  are given- 
in hbl5 111 and  photomicrographs  are shown in figure 2.  The o l l l y  impor- 
tantrimpurity f o w d  in the  material was iron picked up ii inilling. The 
purification  procees  described  in  the  appendix  successfully removes . 

iron' from far finer powders  but as it was desired to avoid any possi- 
bility of further  oxidation and in view  of  the  work  reported in refer- 
ence 2, in which no deleterious  effect  from similar iron contents was 
found, no effort was made to remove the iron cantaminant. 

N w m 
to 



Short-time  strength. - Bbdulus-of-rupture  values  for  the  hot- 
pressed material are  plotted in figure 4. The mRx-lrmlm strength  of  the 
hot-pressed  material at a temperature  of .2000° F is  slightly lower than 
that of sintered  bars. AB the hot-pressed  material is less plastic, 
strength values at 2200' F are also giverr. A curve shaTing the stress- 
strain  relations  for  the  hot-pressed  material  is presented in figure 5. 
Limited  plastic deformtion is  evident as compared with the  fine- 
particle  sintered  materid. 

. 

Colnparison  of  Cold-Pressed  and  Sintered, and Hot-Pressed  Material 

Long-time  properties. - A comparison of the long-time deformation. 
a8 shown by  the  flexure-cr&p  tes$ for the  hot-pressed  material  is con- 
trasted  with  that f o r  sintered  bars  both with and  without added carbon 
in  figure 6. . .  

Because  the  flexure-creep  test hEbs not  been  correlated wfth con- 
ventional  creep  and  stress-rupture data, the  method can serve only as 
a comparative  evaluation. The superiority of the coarse-grained, hot- 
pressed  material  having a low oxygen  content  is  &dent in figure 6, 
but  the  addition of carbon with the  related reduction ia oxygen content 

cial effect on long-time  deformation. 

. .  . 

I to high-oxygen-con3ent  sintered  =*rial also has a pronounced benefi- ," . 

" Although  the  short-tine  strength  of  the  law-oxygen-content  hot- 
pressed  MoSi2. was slightly  inferior  to  that of the  fine-grain  bars 

" 

containing  0.29  percent  carbon,  the long-time deformation  properties  are 
apparently  much  superior.  For  turbine  blade and other  applications, the 
long-the properties are of the  greatest  *ortasce and such a materid. 
would  be  superior t o  one hEtvkig a better  short-time  tensile  strength  but 
poor  long-time  properties. 

Cqarison of  haxdness. - Representative  hardness v a l u e s  for three 
forms of MoSiz axe: 

Material  oxygen 
(percent 1 

Eot  pressed. 

Lot 15, added  carbon 1.0 

Carbon Knoqp hardness 
(percent) 

.35 U63 
. .  

- Differences such as  those  between Knoqp hardness numbers of L163 
and 1065 m y  not be of dficient significance  .to  indicate a trend. 
However, lower hardness f o r  the  hot-pressed  material  is  indicated. - 
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A Knoop hardness of 850 has been reportea for  hot-pressed  MoSi2 
(reference 2) and of 1590 for  siliconized w t r e  (reference 6 1 . 

Comparison  of  high-temperature  plastic,behavior. - At  elevated 
tengierature, materids show straight-line astic deformation in 
the  ,,firat part of  the  s%ress-strain  curve (fig. S} .  The  hot-pressed 
- t e r g a , .  however, eMb3ts. a longer strdght-line portion of the  curve 
and the  total defo~tion is much  lese  than  for the fine-particle 
material  either  with  or  without  carbon  addition. 

Canparison  of  short-time  strength. - kdulus-of-rupture strength 
f o r  'krious representative  materials ncsw under  investigation  for high- 
tearperatme  use  are given in .figure 7. It can be  Been  that  molybdenum 
disilicide  at 2000° F is exceeded in short-€ime stre.n&h only  by  zlr- 
conium boride. 

. 

Structure. - Photomicrographs  af  cold-pressed  and  sintered 
and  hot-pressed MoSiz a r e - s a  in figures 2 and 3, under normal 
and polarized  light.  Differences in grain.size,.and  shape and distri- 
bution of the. voids are evident.. The .voids  .appear  to  .be  nunergus and 
too  large  to  correspond  to  the  densities given, especially-for  the 
hot-pressed  material.  at a density of6-.-20. Direct  observation  with tk. 
microscope  indicates  more  clearly  then  these  photographs that a large 
portion of these  voids have a shape and surface  which may be  the  result 
of  the  removal of material during polishing. lmprwed technique in a " 

polishing can greatly  reduce  the  number of these  voids.  The  voids  are 
of two types,  one type .is  characterized  by h g e  vacanies with rough 
edges, and the  other as  hales  with  conchoidal  surfaces. The 
large  voids might be  explaine$ a s  vacancies  left  behind grahs o r -  
groups of grains  are  torn  out. The effect of overetching . w i t h  the 
sodium  hydroxide, potassium ferricyanide  solutpon  (fig. 2(c) 1 indicates 
that these pull-out  holes w e  the  first  to be attacked by the  etchant, 
an effect to be  expected  if  the  surface of the voids differs  slightly 
in  cang~osltion  from  the mass of the body. 

.. 

. .  . .  

- .  
L 

. . -  

' The .photomicrograph taken .under polarized light (fig. 2(b) ) show 
the  presence of enlarged grain baundariee for a few scattered grain 
faces. This phenoenon could be caused by oxide  impurities  at  these 
surfaces, and it is believed  that  the  relatively  large  amount of oxide 
present in 8- samples is found  at  these grain boundaries  and  results 
in the pull-out of material during polishing. In this connection, it 
may  be  noted  that no large separate  bodies of impurities have been 
observed in metallographic  8pechtene of satisfactory  quality, althou@ 
Fnclusions  have been found in highly  impure material. Because  it is 
believed that  oxide  impurities of any size would be  p&iculazly  appax- 
ent under  polarized  light,  the  fine  dissemination of the  oxLde and its 
possible  'presence. in the  pull-out  material  is  indiqated. 
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Effect of Oxygen on Sintering  and Mechanical Properties 

Because of the  deoxidizing  effect  of  .carbon, sham in  tables I 
and III, it was not  possible  to  evaluate  carbon and oxygen  as  'separate 
variables  by  the  carbon  addition.method,  The prepmation of the low 
owgen content;  hot-pressed  material  introduced  grain-size  changes and 
other  variables.  These  interrelations  make  it  difficult to assess the 
effects of oxygen on such properties as strength. Eowever, certain 
hypotheses plsy be  advanced. 

It has been  shown  (reference 5) that  solid  bodies of molybdenum 
disilicide  are  prevented f r o m  oxfdieing  by  the  formation of a protective 
coating  containing  silica in the form of a-cristobalite. Also, fine- 
particle-size  powders  such as were  used in the  preparation of the 
specimens  described  herein  were  found to oxidize in air  at room temlpera- 
ture.  The  oxidation  of  the  powders  would  probably  result in the form- 
tion of a silicious  coating on the particles ~ t h  the  simultaneous f o r -  
nation of molybdenum  oxides.  These  oxides  would  then  be  incorporated 
into the  specimens on sintering o r  hot-pressing.  The  presence af the 
oxide Moog, with  its hi& vapor  pressure  at 1500° F, in a sintered 
body might be expected to have a deleterious  effect on the  strength  of 
the  body  at  200O0 F. Part of the  beneficial  effect  of  carbon on the 
strength of MoSi2  may  be  due  to  the  reduction  of  traces  of Moo3 or 
other  molybdenum  oxides in the  bodies. The st rong reducing  atmoaphere 
to be  expected  within the graphite  blocks  at  temperatures  used in.hot- 
pressing  night  also have the  same  effect. By this theory, a removal  of 
only part of the  oxygen  could  be  expected to have a strengthening  effect 
on molybdenum  disilicide, a conclusion in lfne wfth the results shown 
in table I for  the  carbon addition experiments.  The  form in which  the 
oxygen  occurs in the  body may be  more bportant thgn  the total quantity 
of owgen but  the lowest oxygen content  evaluated, 0.42 percent  for  hot- 
pressed  material  (table In), is a quantity  wfiich might be  expected to 
have an undesirable  effect on a metal or alloy.  The  data of figure 7 
contrasting  the  strength  of MoSiz with  that of other  high-temperatwe 
materials shaw that  if  .the  effect of oxygen  is  dele-terious  the  product 
still remains satisfactory by c0m;Parison. 

' Oxidation  data  (reference 5) show that  the  protective  oxide  layer 
on M0Si2  bodies  is  extremely  adherent. If silica in the  coating 
adheres  tightly  to  macroscopic  bodies,  it would seem  possible  that  the 
powder  particles  might  be  bonded  tightly  together  by  silica in the grain 
boundary material.  Sintering  of  powder  compacts  might  be  aseisted by 
the presence  of small quantities of silica.  However, a silicious grain- bow material  might  prevent grain growth. As the  melting  point of 
the silica  (approximately 3100' I?, depending on the  form)  is  below  that 
of MoSi2 (3500O k 100° F), the silica may be  more  plastic  at  the 

i 
." . .  
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sintering  temperature. Although these  effects of silica  or  other forma 
of the odde appesr  to  be  either  beneficial,  or  at  least  not  very 
injurious,  other  effects may be  deleterioua  and are given  as  possibili- . . . * 

ties. If the thermal properties  of the oxide in a grain boundary  were 
unsuitable,  the  thermal-shock  resistance would be lowered.  Plasticity 
in the  grain-boundary  material mch might  be  beneficial  to  sintering 
mlght ELLSO result in increased  long-time  deformation. The poor defor- 
mation  properties of-the fine-particle-size  specimens having a high 
oxygen  content  might be, at  least in pest,  attributed to the oxygen . m 
content. " - 8  

In an investigation of the  proper$ies of molybdenum  disUicide, a 
fine-grain  material haviag a mdderately higkoxygefl content has been 
produced by cold-pressing and sintering, and' a large-grain material 
having a lower oxygen content and a density of 99 perce.nt  of  the  theo- _- 
retical.  density has been  produced by hot-pressing. 

1. I n  E series of experiments  with  the  fine-grain  material in which 
the only variable was the -unt of carbon added, marked  increases in 
modulus-of -rupture strength  were  found  at  carbon  contents  between 0.15 
and 0.3 percent.  Improvements in the  long-time  deformation  properties, 
as shown  by  the  flexure-creep t e s t ,  and decreased  high-temperature 
plasticity  accompanied  the  carbon  additions..  The Know hardness 
was U60. 

. .  

2. The  beneficial  effects of carbon additions on strength are 
attributed  to  partial  deoxidation of the  material,  particularly  the 
reduction  of  molybdernUn  oxides,  and  the  fomiation .of silicon  carbide 
and other  carbides. 

3. Exceptionally high short-time  strengths, . i n  comgarison  with 
other  high-temgerature materials, were  obtained  with  sintered molybde- 
num disilicide  containing  from 1.0 to 1.4 percent  oxygen.  The  effects 
of such oxygen  contents on sintering and binding be  beneficial. 

4. The Large-grain, hot-pressed molybdenum disilicide having a 
low oxygen  content  possessed  superior  high-temperature  deformation 
resistance, sllgbtly inferior  short-time  strength,  and  clecreased high- 
teqerature  plasticity as compared with  the  fine-grain  molybdenum 
disilicide  to w h i c h  carbon was added. 

Lewis Flight  Propulsion Laboratory 
National Advisory Committee for Aeronautics- 

Cleveland, Ohio ".. . . . .  . . - . 
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PREPARATION AND PURIFICATION OF M0T;YBDENUM DISILICIDE POWDER 

Reaction. - High-purity  silicon and molybdenum  as  -325 mesh powder 
b the  ratio of 2 gram atomic weights  to 1 were mixed by passiIlg 
them twice  through a set of three  100-mesh  sieves.  After  further hand 
mixing, the  powders  were h?.tQed hto large f ire-clay crucible8 and 
ignited  w%th a little  chromic  oxide and molybdenum  igniter. 

Grinding;. - After cooling, the  semrlsintered mass bf raw M&iZ ms 
broken q by passing  it through a jaw crusher;  it was then ground in 
steel jar m i l l s  with  the following charge:  approrlmRtely 5 pounds  of 
raw  MoSi2,  twlce this volume of  steel b a l l s  graded from 1/4 to 3/4 inch 
in diameter, and distilled water to fill one-half the  volume of the 
%gallon U s .  .The  materlal WB> ground f o r  96 hours  at 43 rpm. 

C o n r m e r c i d  high-purity  MoSi2  was ground as  described  except that 
either amyl alcohol or  cyclohexane,  as  noted, w-as substituted for water 
in a similar charge. ' 

i Purification. - m e  ground materid w y  leached  with  hot, 5 percent 

.I . filters  until a clean  filtrate  was  obtained.  Cold, 5 percent nitric 

hydrochloric  acid to remove iron contamination from the milling opera- 
tion. The liquor was removed-first  by  decantation and then on Bucbner 

acid was then passed slowly through the  filter  cake for a %hour period. 
After a water msh the  cake was broken up and allowed to stand overnight 
in a 10 percent sodium hydroxide  solution a t  80° to looo F to dissolve 
the silica. After  filtrhtion from the  caustic  solution, the material 
was washed  with mre of the  hot  hydrochloric  acid  solution  for  the 
removal of residual  inpurities  untii a clear  filtrate was obtained. 
~ t e r  a brief  water wash, the  cake  was  allowed  to stand in air  overnight 
for preliminary drying. Dry-ing was ,ccanpleted fn vacuum to a pressure 
of 1 nillFmeter. As MoSi2  dries  from a water suspension t o  a hard 
cake, it was necessary to break qp the  dried  material in a mortar so as 
to pass a 1OO-mesh sieve.  One lot of powder prepared by t h i g  method 
was used  for a l l  the  carbon  addition  experiments and is referred to by 
its  lot Inmiber, 15. 

The  commercial  material  milled in organic l iquids w e s  not  purified 
but  merely  dried as much  as  possible on the  fiiter  and  then  further 
dried in vacuum. 

i .  
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MOLYBDENUM MSILICIDE (LOT 15) 

Carbon content 
Elb/sq f.4 (g/d) i n  sintered (percent 

Wdulus of  rupture Density Owgen content 
T 

In powder bar In sintered 
bar (percent 1 a t  2000° F a t  laOOo F 

*O .08 
51, OOO 6.02 
50,500 6.02 1.4 0.09 

5.73 b51, 600 
.18 .15 

87,200 5.92 
87,800 5.92 "- 

5.88 87,800  66,000 
.62 .27 "- 5.82 81,800 

5.83 84,000 
.98 .35 - - 

18,300 4.9 0.15 1.76 3.78 
43 t 900 5.82 
50,700 5.82 1.0 

5.73 b49,500 

.60 68,500  84,700 5.88  1.2  .29 

%riginally  present in powderj ho addition. 
bSintered for 5 min a t  2550° 2 50° F. 

0 2900 

0 3100 

8 3100 
16 3100 
16  3200 

Time a t  tem- 
perature 

2 
( W  

"" """ 

6.01 
6.20 
6.20 

""" 

17 

Incipient 
sintering o n l y  

Partial sinter- 



- . . . . . . . . . . . . . . . . . . . . . . .. . . .. .. . " . 

I I 
I I I 
I I I 

S6.U 0 .M 
52.88 
33.16 

.I%' 

.09 
ss. e2 .55 
SS.56 1.76 

32. m .m 

I 

"" .04 I 

I . 
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(b) Chramium-plated die opened for removal of premed bar. 

Figure 1. - Opposed pressure press used in preparation of bars. 
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Specinen Oxygen Carbon Remarks 
(percent)  (percent] 

0 Sintered 1 .2  0.29 Carbon added 
0 Hot-pressed .42 .36 
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PlIIurs 5. - Comparativa high-temperature plaatlcity of various f d m  of mlgMenua dls l l lo lde .  
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"" 

3 4 

Specimen (lb/aq in. ) 
Flexure stress Hours under Aypraximate -&mgatioll 

stress bottan fibre (percent) - 
1 I 

12.5 

2.1 

3 

1.0 24 3o,loa 4 

" _  4 29,800 

sintering 

Sin" 

Hot=preaabq 

Hot-pressine 

0.09 

.27 

.34 

.34 

1.4 

1. e 

.42 

.42 

Figure 6. - Carupzisan of long-time deformation-characteristics of various forme of 
molybdenum disilicide at zooOo F in flexure-creep evaluation. 
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Temperature, 9 

Figme 7. - C q a r a t i v e  nadulua-of-rugtime strength of five high-tenpxature materials. 
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